Supplementary Figure S1 : XPS spectra of iron element from switching film. The core level of Fe 2P 3/2 locates at 708.5 eV, corresponding to Fe 2+ species 1 . This indicates that the majority compound inside the iron oxide switching film is FeO. This result is consistent with the atomic ratio of Fe over O (1: 1.14). The number of oxygen atoms is slightly higher than that of iron atoms. On the other hand, if the polarity of STDP pulse is contrary to the effect of SRDP, the situation becomes complicated and requires careful analysis.
Before the analysis, there is some testing information that needs to be addressed. The voltage drop in the memristor was clamped to 2.5V to avoid any device breakdown. The amplitudes of 5 STDP pulses, as shown in Fig. 4(a) , was configured to 0.7, 0.8, 0.9, 1.0, -1.3, -0.9, -0.7, -0.6 V from left to right, respectively. According to the STDP operation scheme addressed in Fig. 4(a) and Fig. 4(b) , only one pulse will be selected during the integration with incoming neural spikes.
For the sake of simplicity, only the conditions of the highest amplitude STDP pulse will be The waveform generation block can be regarded as one part of neuron and it will not affect the architecture of synapse array, as shown in Supplementary Fig. S5 . The realization circuit of SRDP inputting waveform is proposed, as shown in Supplementary Fig. S5 optimized by using capacitors to reduce the area consumption. In addition, because the number of synapses in human brain is 1000 times greater than the number of neurons, the area size of synaptic array is expected to dominate the neuromorphic die size 11 . Therefore, the extra circuit used to implement the SRDP learning rule will not alter the neuromorphic chip size too much. Our proposal of dual coding learning scheme is robust to the variation of the presynaptic input.
When the presynaptic firing frequency is slightly varied, or even one spike is missed or is inserted owing to system instability, the learning scheme will tolerate these fluctuations and produce similar results. It is necessary to analyze the case of extra spike at low frequency condition. The effect of having an extra spike in incoming spike-train transformed by Waveform Generation Block is illustrated in Supplementary Fig. S6(a) . It is obvious that the negative pulse still dominates the conductance changing direction, which follows the same trend of SRDP at low frequency region (LTD). The other case of missing spike at high frequency condition is also analyzed in Supplementary Fig. S6(b) . It is clear that the positive amplitudes are still greater than the negative amplitudes, resulting in an increase of conductance which follows the same trend of SRDP at high frequency region (LTP). In addition, if there is a slight frequency variation, based on the graph of Fig. 3(c) , the variation will not change the output result at the low frequency or 
